Abstract: We derive the most general sets of viable mass spectra of the exotic Higgs bosons in the Georgi-Machacek model that are consistent with the theoretical constraints of vacuum stability and perturbative unitarity and the experimental constraints of electroweak precision observables, Zbb coupling and Higgs boson signal strengths. Branching ratios of various cascade decay channels of the doubly-charged Higgs boson in the 5 representation, the singly-charged Higgs boson in 3, and the singlet Higgs boson are further computed. As one of the most promising channels for discovering the model, we study the prospects for detecting the doubly-charged Higgs boson that is produced via the vector boson fusion process and decays into final states containing a pair of same-sign leptons at the 14-TeV LHC and a 100-TeV future pp collider. For this purpose, we evaluate acceptance times efficiency for signals of the doubly-charged Higgs boson with general viable mass spectra and compare it with the standard model background estimates.
Introduction
Proposed in the mid 80s, the Georgi-Machacek (GM) model [1, 2] augments the SM Higgs sector by adding a complex triplet of hypercharge Y = 1 and a real triplet of Y = 0 under the SM SU (2) L × U (1) Y gauge symmetry. It has many intriguing properties. First, the triplet fields can develop vacuum expectation values (VEV's), as automatically induced by SM electroweak symmetry breaking (EWSB) through a trilinear interaction term with the SM Higgs doublet field. With the triplet VEV's, it is possible to give Majorana mass to the left-handed neutrinos through the so-called type-II seesaw mechanism. Secondly, the model predicts the existence of several Higgs multiplets under the custodial symmetry: two singlets, one triplet, and one quintet [3] . In particular, the quintet contains a doubly-charged Higgs boson that can mediate lepton number-violating or even lepton flavor-violating processes. Recently, there have been many phenomenological studies about searching for the exotic Higgs bosons at colliders [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and their effects in enhancing the strength of phase transition in electroweak baryogenesis [15] .
Thirdly, with the assumption of vacuum alignment between the complex and real triplet VEV's in the tree potential, the model preserves the electroweak ρ parameter at unity even with a VEV as large as up to a few tens of GeV. 1 The possibility of a large triplet VEV leads to enhanced couplings between the exotic Higgs bosons and the weak gauge bosons and thus a plethora of interesting collider phenomena. For example, without a significant mass hierarchy among different Higgs multiplets, the doubly-charged Higgs boson decays dominantly into a pair of like-sign W bosons rather than like-sign leptons.
Yet another feature impossible for models extended with only SU (2) L singlet and/or doublet fields is that the coupling between the SM-like Higgs boson and the weak gauge bosons can be stronger than in the SM as a result of mixing between the SM doublet and the triplet fields [10, [17] [18] [19] . This, for example, can be tested through a precise determination of the SM-like Higgs signal strengths at the LHC. Finally, the model predicts the existence of a singly charged Higgs boson coupling with the W and Z bosons at tree level through mixing, while such a vertex is induced only at loop levels in singlet-and/or doublet-extended models [20] , such as the two-Higgs doublet model [21, 22] .
The structure of this paper is as follows. Section 2 briefly reviews the GM model, paying particular attention to the mass spectrum, some tree-level theoretical constraints, and indirect experimental constraints. In section 3, we perform a comprehensive scan of the mass spectrum allowed by the above-mentioned constraints. We here incorporate the most general case in which there can be a mass hierarchy among the different Higgs multiplets. The Higgs masses, signal strengths of the SM-like Higgs boson decays into γγ and γZ, and branching ratios of (cascade) decays of the exotic Higgs bosons are plotted. In section 4, we concentrate on one of the signals of the GM model, namely, the vector boson fusion production of the doubly-charged Higgs boson that decays into final states with a same-sign lepton pair at the LHC, for which we evaluate the production cross section and the acceptance times efficiency with a certain set of selection criteria. Combining them with the branching ratios of the exotic Higgs boson decays evaluated in the previous section, and comparing them with SM background estimates, we obtain the prospect for the discovery of the GM model through this channel for most general mass spectra. We also comment on the phenomenology at a 100-TeV hadron collider. Finally, section 5 summarizes our findings in this work.
Review on the Georgi-Machacek Model
In this section, we review the basics of the Higgs sector in the GM model, theoretical constraints of the vacuum stability and perturbative unitarity, both at tree level, and indirect experimental constraints, such as the oblique corrections, the Zbb vertex, and 125-GeV Higgs signal strengths.
Higgs Sector and Mass Spectrum
The EWSB sector of the GM model [1, 2] comprises one isospin doublet scalar field with hypercharge Y = 1/2, one isospin triplet scalar field with Y = 1, and one isospin triplet scalar field with Y = 0 2 . These fields are denoted respectively by
where the neutral components have been further decomposed into CP-even ones (h φ , h χ , h ξ ) and CP-odd ones (a φ , a χ ). The global SU(2) L ×SU(2) R symmetry is imposed on the Higgs potential at tree level, which is explicitly broken by the Yukawa and the hypercharge gauge interactions. To make this symmetry manifest, it is convenient to introduce the SU(2) L ×SU(2) R -covariant forms of the fields:
, where U 2L (U 2R ) is the two-dimensional representation of the SU(2) L (SU(2) R ) group component and U 3L (U 3R ) is the corresponding three-dimensional one.
Using Φ and ∆, the Lagrangian of the EWSB sector is succinctly given by
3)
2 Here the normalization for the hypercharge quantum number Y is such that the electric charge Q = I 3 + Y , where I 3 denotes the third component of the weak isospin number. 3 Here we use the convention that
where D µ denotes the covariant derivative for Φ or ∆. The potential term, V (Φ, ∆), is given by
For later convenience, we define
It is noted that |µ 1 | or M 2 1 → ∞ corresponds to the decoupling limit of the model [7, 11] . On the other hand, no decoupling limit exists once one imposes the Z 2 symmetry ∆ → −∆. Also, this symmetry does not allow the desired interaction between lefthanded neutrinos and the triplet Higgs field for neutrino mass generation.
Because of the SU(2) V symmetry of the (tree-level) EWSB vacuum, the physical mass eigenstates form one 5-plet, one 3-plet and two singlets, where the components in each of the multiplets are degenerate in mass at the tree level. Mass splitting within each multiplet due to custodial symmetry breaking is expected to be at the O(100) MeV level. We denote the 5-plet, 3-plet and two singlets by
T , H 1 and h, respectively, with h identified as the 125-GeV SM-like Higgs boson observed at the LHC. In terms of the fields φ, ξ and χ introduced in Eq. (2.1), the physical states are expressed as follows: 8) where the mixing angle α between the singlets takes a value in the range −π/2 ≤ α ≤ π/2, and is given through
It is noted that these masses are generally different, and the mass differences are of O(100) GeV if one naïvely takes µ 1,2 ∼ O(100) GeV and the quartic couplings λ's ∼ O(1). In our numerical analysis, we will assume a general mass hierarchy among these mass eigenvalues (but neglecting the smaller mass splitting within each multiplet), subject to the constraints to be discussed below, and analyze the prospects of detecting the exotic Higgs bosons at the 14-TeV LHC and future 100-TeV hadron collider.
Theoretical Constraints
We will take into account two theoretical constraints on the parameters of the GM Higgs potential. One comes from the stability of the electroweak vacuum, and the other from the unitarity of the perturbation theory. We satisfy ourselves with these constraints at the tree level for the consistency with the masses given above. When requiring the electroweak vacuum to be stable (i.e., bounded from below), one obtains the following constraints for the quartic couplings [7, 23] :
From the perturbative unitarity, we have another set of constraints [11, 24] :
Since one can trade the quartic couplings and M 2 1,2 with the four physical masses, α, β and v, the above two sets of constraints can be turned into constraints on the unknown masses and mixing angles.
Experimental Constraints
We now turn to the discussion of constraints on the GM model derived from measurements of SM quantities in collider experiments. These include the electroweak precision tests, the determination of the Zbb coupling, and the measurement of the Higgs boson signal strengths.
The GM model is subject to constraints from the S and U parameters [26] of electroweak precision tests. The ρ parameter can take any value in the GM model if we add a term that explicitly breaks the SU(2) V symmetry, and hence the T parameter does not impose any restriction on the model. Since the absolute value of the U parameter is found to be below 0.01 in all the mass spectra generated in the next section, we will only consider the constraint from the S parameter by fixing the U = 0 and taking the T parameter to be free. The latest experimental data [27] report the following 1σ range for the S parameter:
In the GM model, the 3-plet Higgs bosons couple with the SM quarks through mixing with the Higgs doublet, as explicitly given, for example, in Ref. [7] . Therefore, H coupling has an overall factor proportional to v 2 ∆ and a term proportional to the top quark Yukawa coupling. The data on the Zbb coupling therefore impose a constraint on the triplet VEV v ∆ and the SU(2) V triplet mass m H 3 , which has been evaluated in Ref. [7] . It was found that mass spectra with v ∆ 50 GeV and m H 3 above 100 GeV were consistent at 2σ level with the current data [27] .
The signal strengths of the SM-like Higgs boson production and decay in various channels have been measured in the LHC 7-TeV and 8-TeV runs by the ATLAS [28] and CMS [29] Collaborations, and provide significant constraints on the couplings of h to SM particles in the GM model. Here we consider the following six channels of the Higgs boson production and decay: the gluon-gluon fusion (GGF) production of h decaying into ZZ, W W and τ + τ − , the vector boson fusion (VBF) production of h decaying into W W and τ + τ − , and the vector boson associated (VBA) production of h decaying into bb. The modification of the signal strengths in these channels depends only on the triplet VEV, v ∆ (or β), and the mixing angle of the SU(2) V singlets, α. Hence we can directly constrain v ∆ and α from the data, without specifying other parameters including the mass spectrum. Note that we avoid using the diphoton signal strength because it is a loop-mediated process that has additional dependences on the masses of heavy charged Higgs bosons and their couplings with h. Although such uncertainties in the diphoton channel will also enter the signal strengths of the above-mentioned six tree-level decay channels through modifications in the branching ratios, the effects are expected to be negligible because of the relatively small h → γγ decay rate. Throughout this paper, we employ the narrow width approximation when calculating the signal strengths. We perform a χ 2 fit on v ∆ -α plane by using the signal strength data of the abovementioned six channels obtained in the LHC 7-TeV and 8-TeV runs [28, 29] . The 1σ and 2σ contours along with the best-fit point are displayed in Fig. 1 . From the figure, we select the following twelve sets of parameters that are consistent with the data at the 2σ level: (v ∆ , α) = (10, −30
• ), (10, −10
• ), and (1, 0 • ) (close to the decoupling limit), where the values of v ∆ are given in units of GeV. These parameter choices will be used in the next section for numerical studies.
As a reference, we also present in Fig. 2 the future prospects for confining the v ∆ -α parameter space as derived from the same six signal strength measurements at the 14 TeV LHC with the integrated luminosities of 300 fb −1 (left plot) and 3000 fb uncertainties and experimental systematic uncertainties give major contributions to the overall uncertainty for the 300 fb −1 data. Hence, larger statistics does not lead to a significant reduction in uncertainties of Higgs boson signal strengths.
The signal strength of GGF production of the Higgs boson decaying into γγ has also been measured at the 7 TeV and 8 TeV LHC. However, as alluded to before, the branching ratio of h → γγ can be altered by the loop diagrams involving the charged Higgs bosons (H ) and hence depends significantly on details of the mass spectrum and triple scalar couplings. Therefore, we will discuss the constraint from this channel after we perform a parameter scan for the Higgs mass spectrum in the next section.
We now comment on constraints from searches for an extra neutral Higgs boson through the H 1 → γγ process, as this mode yields the strongest bound. The ATLAS Collaboration has already given a bound on this process for the mass range of 65 GeV to 600 GeV [31] . However, we will not use this constraint in our analysis in the next section, because BR(H 1 → γγ) varies sensitively with the values of M 2 1 and M 2 2 while these parameters are taken to be free in our parameter scan.
Search of Viable Exotic Higgs Boson Mass Spectra and Decay Branching Ratios of Exotic Higgs Bosons
We now conduct a comprehensive parameter scan for viable exotic Higgs boson mass spectra of the GM model by using the most general set of parameters. From randomly generated mass spectra, we select those that pass the theoretical constraints given in Eqs. (2.12) and (2.13). Also, the mass spectra are required to satisfy at the 2σ level the experimental constraints derived from electroweak precision tests in Eq. (2.14) and the Zbb coupling measurement. As discussed in the previous section, we adopt the twelve sets of (v ∆ , α) selected based on Fig. 1 for further numerical analyses. We calculate the following quantities for each viable mass spectrum and plot them on a two-dimensional plane spanned by the 5-plet mass m H 5 and the 3-plet mass m H 3 . In the case of decays, we only show the results for positively charged Higgs bosons while those for the conjugate particles should be obvious.
The mass of the heavier SU(2)
2. The signal strength of the GGF production of h followed by a decay into γγ,
shown in Fig. 4 .
3. The signal strength of the GGF production of h followed by a decay into γZ, 
shown in Fig. 8 . 
shown in Fig. 9 . The plot is restricted to the region with m H 5 > m H 3 where this process is possible. 
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shown in Fig. 11 . The plot is restricted to the region with m H 3 > m H 5 where this process is possible.
9. The branching ratios of H + 3 decaying into hW + and H 1 W + , including contributions from off-shell W + ,
BR(H
shown respectively in Figs. 12 and 13.
10. The branching ratios of H 1 decaying into hh and W + W − , including contributions from off-shell W ± in the latter case,
shown respectively in Figs. 14 and 15. branching ratios (i.e., Figs. 8, 9, and 10) to examine prospects for discovering the GM model at the 14-TeV LHC in the next section.
The method of our parameter scan is explicitly described as follows. The electroweak VEV and the mass of the SM-like Higgs boson are fixed at v = 246 GeV and m h = 125 GeV, respectively. We choose the following seven independent parameters to scan: the VEV ratio tan β, the mixing angle α, the three mass eigenvalues m H 5 , m H 3 , m H 1 , and the parameters M could be either positive or negative. Using the twelve sets of (v ∆ , α) selected within the 2σ bound in Fig. 1 2 ), and check whether they satisfy the constraints in Eqs. (2.12) and (2.13) and the 2σ bound of Eq. (2.14). Note that at this stage, we do not assume any mass hierarchy among the Higgs bosons. To be phenomenologically interesting at the LHC, 
We generate 8000 mass spectra for each set of (v ∆ , α) and plot the results in Fig. 3 2 over a small range. It is seen that the parameter spaces for α = 10
• or the close-to-decoupling limit There is an upper bound on m H 3 when α > 0, as one can readily observe in the plots with α = 10
• in Figs. 3 to 15 . The origin of this bound is understood as follows. The combination of the couplings 4λ 4 +λ 5 can be expressed, with the help of Eq. (2.11), as
> 0, we obtain the following inequality when α > 0:
Larger λ 4 or λ 5 would lead to violation of the vacuum stability conditions in Eq. (2.12) or the perturbative unitarity conditions in Eq. (2.13). Therefore, m H 3 is bounded from above, though the exact value of the upper bound cannot be expressed analytically. Also explicitly shown in Fig. 3 is that all the six mass hierarchies for the exotic Higgs bosons are possible according to the parameter scan. Nevertheless, the most probable ones are either m H 5 > m H 3 > m H 1 , dubbed the normal hierarchy, or m H 1 > m H 3 > m H 5 , dubbed the inverted hierarchy.
The average signal strength of the SM-like Higgs boson production and decay into two photons from the ATLAS Collaboration [28] and CMS Collaboration [29] is given by µ GGF hγγ = 1.12 ± 0.22. In Fig. 4 , we see that the predicted signal strength ranges from ∼ 0.6 − 1.4 for almost all the obtained mass spectra. On the other hand, the constraint from µ GGF hγZ = 2.7 +4.5 −4.3 [28] is not constraining at all. Most of the predicted µ GGF hγZ values tend to be bigger than or about 1. boson has a slightly larger value of the total width-to-mass ratio in most allowed (v ∆ , α) space and can sometimes reach ∼ 10%. In general, Figs. 6 and 7 verify that the narrow width approximation employed in our numerical analysis is valid in most spectra.
We show plots for the branching ratios of the decays of H ++ 5 into several different final states in Fig. 8 to 10 . One distinct feature of the GM model is that thanks to the custodial symmetry, v ∆ can be larger compared to the model extended with only one complex Higgs triplet field. Hence same-sign dilepton events coming from the process of H ++ 5 Fig. 9 and Fig. 10 , where only those mass spectra with m H 5 > m H 3 are plotted. A detailed collider phenomenology 
study of these scenarios is given in the next section. Fig. 11 , where only the mass spectra with m H 5 < m H 3 are shown. In addition, H + 3 can also decay into hW + or H 1 W + as shown in Fig. 12 and Fig. 13 , respectively. In the latter case, m H 1 must be smaller than m H 3 while the mass relation between m H 1 or m H 3 and m H 5 remains arbitrary in both cases. As shown in Fig. 13 Finally, we discuss the decay channels of H 1 . In addition to the same decay channels as the SM-like Higgs boson, it can also decay into H ± 3 W ∓ and/or a pair of other Higgs bosons, provided these are kinematically allowed. As two promising channels in the search of an additional neutral Higgs boson, we discuss the H 1 → hh/W + W − decays. The branching ratio of H 1 → hh is shown in Fig. 14 , where we have omitted the plot for (v ∆ , α) = (1 GeV, 0
If instead m H
• ) because the value is diminishing in such a decoupling limit. In the α = 10
• cases, there is only a very tiny portion of the allowed spectra that can have this decay channel, and the branching ratio is generally less than ∼ 40%. In cases with negative α, however, the branching ratio can sometimes reach above ∼ 90%.
6 The branching ratio of the H 1 decaying into W + W − is plotted in Fig. 15 . The H 1 W + W − vertex has the coupling (g 2 /6)(3 sin α sin β + 2 √ 6 cos α cos β). With appropriate α and v ∆ , the H 1 → W + W − mode can be the dominant one.
Prospects for Observing Signatures of Georgi-Machacek Model at 14-TeV LHC
We evaluate the prospects for observing a signature of the GM model in the 14-TeV run of the LHC. One of the promising channels for discovering the GM model is the production of a doubly-charged Higgs boson H ±± 5 via the VBF process, followed by its decay into final states containing a pair of same-sign leptons. This channel has three advantages: First, the SM background for events with two same-sign leptons is suppressed compared to those with opposite-sign leptons or only one lepton. Secondly, Figure 10 .
the VBF process is the dominant production mechanism of H ±± 5 if its mass is above ∼ 300 GeV and v ∆ 10 GeV (see the left plot of Fig. 16 ). Hence, it is a good strategy to concentrate on its production via the VBF process. Thirdly, in the VBF production of H followed by its decay into a pair of same-sign leptons through same-sign W bosons 7 . The search for this process can be most easily done by selecting events containing a pair of same-sign light leptons, µ ± µ ± , e ± e ± and e ± µ ± . It is not necessary to impose any selection cut on the jets associated with the VBF process, as our purpose is to observe the production of H ±± 5 rather than identifying the production process. We can evaluate the significance of a signal of the GM model by comparing the 7 We neglect the direct decays into like-sign leptons because the couplings of H 
number of events with two same-sign light leptons coming from the production and decay of H 
where L denotes the integrated luminosity, σ(pp → H ++ 5 + X) the inclusive production cross section of H decaying into final states containing two same-sign leptons, and A × the acceptance times efficiency for events with two same-sign leptons arising from processes involving H ++ 5 with certain event selection criteria. When multiple processes contribute to such events, one should take an average over these processes for the calculation of A × . We include the decays into tau leptons in the definition of BR(H ++ 5 → + + + X ), where the tau leptons further decay leptonically.
At this stage, we do not specify the production process or the decay process of H ±± 5 . Later on, however, we will find numerically that the dominant production process is the VBF mechanism, and the dominant decay channel whose final state involves two same-sign leptons is either H
By focusing on these specific production and decay channels, it becomes simple and straightforward to estimate the acceptance times efficiency, A × , that eventually yields N H ++ 5 ;SS light leptons . In Fig. 16 , we display the cross sections for the VBF production of H is not taken into account in our analysis. All these production cross sections are independent of α, as α is the mixing angle between the two singlets. Here we do not impose any selection cut on the jets associated with the VBF process. The figure tells us that the VBF mechanism is the dominant production process for H ++ 5 and H
−− 5
when v ∆ is above 10 GeV and m H 5 is above ∼ 300 (400) GeV and ∼ 400 (500) GeV with √ s = 14 (100) GeV, respectively. The cross sections for the VBF production and the associated production with different values of v ∆ can be readily obtained by rescaling, since both of them are proportional to v can decay into SM leptons, thereby giving rise to two-same-sign-lepton events. In Fig. 8 → H 1 W + , depending on the mass spectrum and other parameters. We thus present in Fig. 9 and 10 scatter plots of the products of branching ratios, BR(H
Regarding the calculation of BR(H
, where the W + 's can be off-shell.
We estimate the acceptance times efficiency, A × , for the processes of H ±± 5 production followed by its decay into final states containing two same-sign leptons. We define the acceptance times efficiency as 2) where N pass is the number of events that pass the selection criteria (a) through (e) defined below, and N all is the number of events for the processes of pp → H ±± 5 +X, H ±± 5 → ± ± + X . Note that A × is almost the same for both H ++ 5 and H −− 5 . In our simulation study, we consider the following criteria for selecting events with two same-sign leptons, based on which we estimate A × . These criteria mimic part of the selection criteria used in the analysis of Ref. [33] :
(a) An electron is identified when its transverse momentum satisfies p eT > 10 GeV and its pseudo-rapidity satisfies |η e | < 1.37 or 1.52 < |η e | < 2.47. A muon is identified when its transverse momentum satisfies p µT > 10 GeV and its pseudo-rapidity satisfies |η µ | < 2.5.
(b) The event should contain e ± e ± , e ± µ ± , or µ ± µ ± . The harder lepton 1 should have a transverse momentum above 25 GeV, p 1 T > 25 GeV, and the other lepton 2 should Based on the selection criteria (a) through (e), we estimate A × for the following processes:
Here j denotes a jet originating from a quark involved in the VBF process, and , represent an electron, a muon or a tau lepton, where the tau lepton will further decay leptonically. Contributions from decays involving an off-shell W boson are also taken into account. We neglect the decay products of h and H 1 . Although electrons and muons that come from the decay of h or H 1 may affect the chance for an event to pass the selection criteria, we expect that their impact is negligibly small because more than 90% of h's decay into final states without electron or muon. production events is based on the leading-order (LO) QCD calculation of matrix elements. In the following, we present the acceptance times efficiency for the processes of Eq. (4.3) and Eq. (4.4).
In Fig. 17 , we plot the acceptance times efficiency for the process of Eq. (4.3) in 14-TeV pp collisions with the selection criteria (a) to (e) as a function of the H ±± 5 mass.
In Table 1 , we present A × for the process of Eq. (4.4) in 14-TeV pp collisions with the selection criteria (a) to (e), for various benchmark values of (m H 5 , m H 3 ), all of which can be realistic mass spectra consistent with all theoretical and experimental constraints, as can be read from Fig. 3 and other figures. The acceptance times efficiency is calculated for the three channels with e ± e ± , e ± µ ± and µ ± µ ± . We do not show A × for the process of Eq. (4.5) because it depends on m H 5 , m H 3 , and m H 1 and hence is highly mass spectrum-dependent. This fact renders the process of Eq. (4.5) an ineffective channel for the discovery of the GM model.
Finally, we estimate the number of background events that arise from SM processes The solid curve corresponds to the final state with µ ± µ ± , the dashed curve to that with µ ± e ± , and the dotted curve to that with e ± e ± .
(m and pass the selection criteria (a) through (e). The dominant sources of background events are the production of W ± Z and ZZ followed by their decays into leptons in-cluding tau leptons:
where , represent an electron, a muon or a tau lepton. We further take into account the background coming from the W ± W ± production process:
where j denotes a jet originating from a quark in the subprocesses of
Although its contribution is subdominant, this process gives an irreducible background to the same-sign lepton signal defined in terms of the selection criteria (a) to (e). We note that charge misidentification of electrons can be another dominant source of backgrounds for the channels involving an electron. Nevertheless, we do not estimate its contribution as it is beyond the scope of our theoretical study. To assess the number of background events, we also perform a realistic detector-level simulation by using MadGraph5 [34] interfaced with PYTHIA6 [35] and DELPHES3 [36] . The generation of background events is based on the LO QCD calculation of matrix elements, but we take into account the next-to-leading order (NLO) QCD effects by multiplying the number of background events with a K-factor derived as the ratio of the W ± W ± , W ± Z or ZZ production cross section calculated at the NLO divided by the corresponding one at the LO. In Table 2 , we present the LO and NLO production cross sections, σ LO and σ NLO , the K-factor estimated as above, and the number of background events that pass the selection criteria (a) through (e) divided by the integrated luminosity, N bkg /L (the K-factor is multiplied already), for each of the W ± W ± , W ± Z and ZZ production processes, for each final state containing e ± e ± , e ± µ ± or µ ± µ ± . With Figs. 4, 5, 8, 9, 16, 17 and Tables 1, 2 , we can evaluate the significance of the same-sign lepton signal for the most general mass spectra of the GM model. This is done in the following manner. First, we take a set of parameters (v ∆ , α, m H 5 , m H 3 ) for which we want to study the discovery potential of the GM model at the LHC. From Figs. 4 and 5, we check if there exists a mass spectrum that satisfies all the theoretical and experimental constraints. We then look up the corresponding values of BR(H Figs. 8 and 9 and the VBF production cross section of H ±± 5 in pp collisions in Fig. 16 . The acceptance times efficiency A × for these values of m H 5 , m H 3 can be estimated using Fig. 17 Table 2 . The production cross sections calculated at the LO, σ LO , and at the NLO, σ NLO , the estimated K-factor, and the number of background events that pass the selection criteria (a) to (e) divided by the integrated luminosity, N bkg /L (with the K-factor multiplied) for each of the W ± W ± , W ± Z and ZZ production processes and for each final state containing e ± e ± , e ± µ ± or µ ± µ ± at the 14-TeV LHC.
with a same-sign light lepton pair arising from the production and decay of H ±± 5 by Eq. (4.1), and compare it with the number of SM background events that can be extracted from Table 2 to derive the significance of the signal for some value of the integrated luminosity. We note in passing that the true value of the significance of the same-sign light lepton signal can be larger than evaluated above, because the vector boson associated and Drell-Yan productions of H ±± 5 as well as the process of Eq. (4.5), which are neglected in the above evaluation, also contribute to the signal. Hence the significance evaluated following the above-described procedure actually corresponds to the lower bound.
In this work, we have studied the most general mass spectrum of the exotic Higgs bosons of the Georgi-Machacek model that is allowed by theoretical and experimental constraints. As theoretical constraints, we have taken into account the unitarity of the perturbation theory and the stabiliy of the electroweak symmetry breaking vacuum. On the other hand, the experimental constraints we have considered are the electroweak precision tests, the Zbb vertex measurement and the Higgs boson signal strength data. Here we used the latest Higgs boson signal strength data to find the allowed region at 1σ and 2σ confidence level on the plane of the triplet VEV v ∆ and the singlet mixing angle α. The diphoton channel was not included in the above analysis, because its strength depends on the charged Higgs boson mass spectrum, in addition to v ∆ and α. From the 2σ region, we identified twelve example sets of (v ∆ , α) for subsequent analyses. We have performed a comprehensive parameter scan for the exotic Higgs boson mass spectrum allowed by these constraints. We found that the most probable spectra are either the normal hierarchy (m H 5 > m H 3 > m H 1 ) or the inverted hierarchy (m H 5 < m H 3 < m H 1 ), though other scenarios are generally possible as well. We worked out the signal strengths of diphoton and Zγ channels of the SM-like Higgs boson via the gluon-gluon fusion process, the decay widths of H boson for the 14-TeV LHC and a future 100-TeV pp collider. In accord with our selection criteria set for signal events, acceptance times efficiency for signal events was evaluated for the three processes: pp → H . This part was done at the leading order in QCD and with a realistic detector-level simulation. For background events, a similar simulation was carried out at the leading order of QCD and then scaled by the K-factor to the nextto-leading order. We have argued that, by combining our estimates on the production cross section of H ±± 5 , acceptance times efficiency for the signal and the branching ratios of cascade decays of H ±± 5 , and by comparing them with SM background estimates, we can evaluate prospects for observing a signal of the GM model for its most general mass spectrum.
Finally, we have also made a remark that the same acceptance times efficiency that we computed for the 14-TeV LHC can be applied to the case of a future 100-TeV pp collider to a good approximation because no forward jet tagging is required in our proposed selection cuts.
Note Added: Recently, the ATLAS and CMS Collaborations have observed through the diphoton decay mode a hint of a resonance at about 750 GeV and a width of about 45 GeV [37, 38] . In the GM model, H 1 is a good candidate for the 750-GeV resonance because it can be produced in the s-channel in pp collisions and decay into diphotons. The mass of H 1 can be read from Fig. 3 . For example, there is some parameter space in the plot for v ∆ = 10 GeV and α = −10
• that gives m H 1 750 GeV. A quick estimate shows that its decay width is about 10 GeV and the cross section of the diphoton channel at the 13-TeV LHC is about 1 fb. We leave the detailed analysis to a future work.
